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Abstract: With the coal mines in western China entering the field of deep mining, the problem of coal
burst is becoming more and more serious. According to the characteristics of deep mining, it is an
urgent problem that requires the development of an efficient and reasonable coal burst prevention
and control plan to guide project practices. This study takes the typical deep mining area in Ordos
as the research background, according to the stress state of the coal mining area and the load form
of induced coal burst, which, in Ordos deep mining, is divided into the typical and atypical type.
The former is caused by the superposition of high in situ stress and strong mining-induced stress,
while the latter is due to the combination of high in situ stress, strong mining-induced stress, and
external stress disturbances. Combined with theoretical analysis, numerical simulation, and field
measurement, it is shown that the stress level of the Ordos deep mining area is higher than that of the
shallow original rock, and the difference of the three-dimensional stress between coal and rock mass
is greater. The concentration degree and influence range of mining-induced stress obviously increase.
Coal and rock mass are more prone to instability and failure due to external disturbances. Based on
the stress control theory, the prevention and control strategies of coal burst in different types of deep
mining are put forward. In addition, the prevention and control technology system of coal burst in
the Ordos deep mining area is established. The field engineering practice has been carried out to
realize the efficient prevention and control of coal burst.

Keywords: coal burst; Ordos deep mining; typical type; stress disturbance; atypical type

1. Introduction

With the development of coal mining in China, more and more coal mines in western
China have been subjected to coal burst, one of the most important disasters threatening
safe production [1-4]. At present, the mining depth of coal mines in China has increased
by 10~25 m every year. It can be predicted that the number of coal bursts in mines in China
will continue to increase in the next 10 years [5,6]. The Ordos deep mining area is the largest
coal production base in China, and coal bursts have occurred more than 10 times; how to
effectively prevent and control coal bursts in this area will become the focus of scientific
research on coal mine safety. Deep mining, compared to shallow mining, is characterized
by high confining pressure, high temperature, and high pore pressure. A large number of
studies show that when the coal seam reaches a certain depth, the mechanical properties
of coal will change significantly [7]. It is mainly manifested in two aspects: firstly, the
constitutive relationship changes from linear elasticity in the shallow part to visco-elastic
nonlinearity in the deep part; and secondly, the stress release mode of coal and rock mass
changes from shallow linear to deep non-linear. As a result, it is difficult to eliminate
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the high-level stress in the coal and rock mass by a one-time pressure relief in the deep
mining process. In addition, it is necessary to release the visco-elastic deformation energy
by multiple rounds of, or even continuous, pressure relief. Especially under the influence
of dynamic load superposition caused by the structural instability of hard rock strata and
fault activation, a coal burst is easily induced. Therefore, the prevention and control of coal
bursts in the Ordos deep mining area is much more difficult, and it is urgent to put forward
targeted prevention and control technology according to its characteristics.

In view of deep coal mining, scholars at home and abroad have carried out a lot of
research on the mechanical characteristics of coal and rock mass, the in situ stress field, and
the mining-induced stress field. Combined with nonlinear theory, fractal theory, black box
theory, and damage mechanics theory, a variety of coal burst mechanism models have been
proposed, and a method has been suggested to prevent and control coal burst by changing
the mechanical properties of coal and rock mass, and reducing stress concentration [8-19].
With the increase of the number of coal burst mines in the Ordos deep mining area and the
shift of research focus to prevention and control, how to formulate efficient and reasonable
prevention and control schemes for coal burst based on the characteristics of deep mining
and guiding field prevention and control has become an urgent problem to be solved. For
a more scientific prevention and control of coal burst in the Ordos deep mining area, the
concept of typical and atypical coal bursts is put forward. Based on the influencing factors
of coal bursts in the Ordos deep mining area, the prevention and control strategies for
different types of coal bursts in the Ordos deep mining area are proposed, and the field
engineering practice is carried out. The research results are expected to provide theoretical
and technical support for coal burst prevention and control in this area.

2. Classification of Coal Burst in Ordos Deep Mining Area
2.1. Analysis of Stress State in Coal Mining

The coal mining engineering area in plate tectonics and mine engineering geological
conditions are controlled by tectonic movement. Tectonic stress is produced by plate
collision and extrusion, which will be transmitted to the secondary plate and tectonic
block through the coal and rock mass. Tectonic stress plays a controlling role in the stress
environment of coal mining. The redistribution of stress in the coal and rock mass is caused
by tectonic movement to achieve a new equilibrium. The results of stress distribution in
the coal and rock mass can be divided into the following four cases:

(1) Region of stress reduction. The stress cannot reach the condition of coal and rock
mass failure, resulting in the crust being in a stable state. When coal mining and other
engineering activities are carried out, they will not cause dynamic phenomena that
would affect human engineering activities, and it is safe.

(2) Region of simple increased stress. The stress increases, but does not reach the critical
condition for the failure of coal and rock mass, so it is in a relatively stable state. If
coal mining activities and other engineering activities are carried out, it is necessary
to take certain prevention and treatment measures to ensure safety.

(3) Region of increased stress. The stress rises to a critical state, and if coal mining
activities and other engineering activities are carried out, coal mine dynamic disasters
such as coal burst may occur. It is necessary to take effective prevention and treatment
measures to ensure safety.

(4) Region of stress release. The stress level exceeds the failure limit of the coal and rock
mass, which is not directly related to human engineering activities. There will be
strong tectonic activity such as earthquakes, tsunamis, and volcanic eruptions, and
stress will be released to achieve equilibrium.

When coal mines enter deep conditions, the stress state of the coal and rock mass is
usually in state (2) and state (3). Therefore, according to the stress state of the coal and
rock mass in the Ordos deep mining area, coal burst can be divided into two types, that is,
typical coal burst and atypical coal burst.
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2.2. Typical Coal Burst in Ordos Deep Mining Area

Typical coal burst in the Ordos deep mining area refers to the stress state of coal and
rock mass being in state (3). That is, the stress in the coal and rock mass has reached the
critical instability state. When the coal and rock mass are affected by mining engineering,
the critical condition of coal burst can be exceeded. Typical coal burst in the Ordos deep
mining area occurrence conditions can be expressed as follows:

o1+ 03 > 0y (1)

where 07 is the original rock stress, 0 is the mining-induced stress, and oy is the critical
strength of coal and rock mass.

According to the above definition and analysis, there are two main sources of stress in
typical coal burst mines, that is, high in situ stress and high concentrated mining-induced
stress. The occurrence mechanism of typical coal burst in the Ordos deep mining area can
be represented by Figure 1. Considering the characteristics of typical coal burst, the key
point of the prevention and control is pressure relief, and its purpose is to slow down the
rate of stress release.

-

[[& Jtectonic movement [~ fault [«—] primary stressj«—] mining-induced stress

Figure 1. Schematic diagram of the mechanism of typical coal burst in the Ordos deep mining area.

2.3. Atypical Coal Burst in Ordos Deep Mining Area

Atypical coal burst in the Ordos deep mining area refers to the stress state of coal and
rock mass being in state (2). That is, under mining disturbance, the stress of the coal and
rock mass does not reach the critical state. When the coal and rock masses are subjected to
external disturbances, such as roof weighting, structural instability of hard rock strata and
fault slip, the stress in the coal and rock masses exceeds the critical condition. Atypical coal
burst in the Ordos deep mining area occurrence conditions can be expressed as follows:

o1+ 02 +03 2> 09 )

where 0 is the original rock stress, o3 is the mining-induced stress, o3 is the external
disturbance stress, and oy is the critical strength of coal and rock system.

According to the above definition and analysis, there are three main sources of stress
in typical coal burst mines, that is, high in situ stress, high concentrated mining-induced
stress and external disturbance stress. The occurrence mechanism of atypical coal burst in
the Ordos deep mining area can be represented by Figure 2.

According to the characteristics of typical coal burst, the key point of the prevention
and control is pressure relief, and its purpose is to slow down the rate of stress release,
reduce external disturbances and weaken stress transmission capacity.
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Figure 2. Schematic diagram of the mechanism of atypical coal burst in the Ordos deep mining area.

3. Analysis of Influencing Factors of Coal Burst in Ordos Deep Mining Area
3.1. Regional Geological Structure of Ordos Basin

Ordos Basin is located at the junction of the eastern and western tectonic domains
in China. It is a superimposed basin controlled by multistage tectonic and sedimentary
evolution cycles. The internal structure of the basin is simple, the stratum is gentle, and the
activity is weak, which is mainly manifested in the structural forms of uplift, depression,
wide and gentle fold, etc. According to the current structural development morphology and
space-time distribution characteristics of the Ordos Basin, the basin includes a secondary
structural unit in the Weihe Graben and six tertiary structural units in the western margin
thrust zone, the eastern margin western Shanxi flexure zone, Yimeng uplift, Tianhuan
depression, northern Shaanxi monocline, Weibei uplift and Weihe Graben.

3.2. Primary Stress Characteristics of Ordos Deep Mining Area

In order to analyze the difference of primary stress characteristics between deep
mining and shallow mining in Ordos, the in situ stress data of 9 shallow mines in Ordos
are obtained through field measurement and investigation [20]. The results are shown
in Table 1. The depth of the 9 groups of data is between 76 m~375 m. The above 9 coal
mines all belong to the same in situ stress field (¢ > 0 > 03,), which is a typical stress
field dominated by tectonic stress. In the same way, the in situ stress data of 11 deep mines
in Ordos are obtained through field measurement and investigation [20]. The results are
shown in Table 2.

Table 1. Measured data of in situ stress in the Ordos shallow mining area.

No Name of Mine Depth (m) oy (MPa) oy, (MPa) o, (MPa)
1 Buertai Coal Mine 375 9.34 8.72 9.94
2 Baode 347 9.84 8.19 9.20
3 Bulianta Coal Mine 230 6.57 5.15 5.76
4 Suancigou Coal Mine 303 7.72 4.06 7.60
5 Baoshan Coal Mine 112 4.06 2.08 2.81
6 Dadi Coal Mine 76 4.26 2.48 1.90
7 Talahao Coal Mine 167 6.69 2.52 3.48
8 Bojianghaizi Coal Mine 370 16.60 9.80 10.00
9 Huoluowan Coal Mine 165 4.62 2.20 3.60
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Table 2. Measured data of in situ stress in the Ordos deep mining area.
No Name of Mine Depth (m) oy (MPa) oy, (MPa) o, (MPa)
1 Hongginghe Coal Mine 719 27.87 16.61 16.39
2 Menkeqing Coal Mine 720 24.56 15.76 18.20
3 Shilawusu Coal Mine 660 27.16 10.91 16.24
4 Hulusu Coal Mine 650 25.74 9.39 15.49
5 Bayangaole Coal Mine 635 27.86 15.87 17.38
6 Muduchaideng Coal Mine 660 15.71 7.73 13.92
7 Nalinhe No.2 Coal Mine 550 19.22 14.30 13.75
8 Yingpanhao Coal Mine 720 25.50 20.30 18.36
9 Tarangaole Coal Mine 600 17.15 6.40 14.35
10 Honggingliang Coal Mine 500 20.30 11.57 12.05
11 Changcheng No.2 Coal Mine 738 24.50 10.24 15.50

The depth of the 11 groups’ data is between 500 m~738 m. The above 11 coal mines
all belong to the same in situ stress field (o > 0, > 03,), which is a typical stress field
dominated by tectonic stress. The ratio of stress is an important index for analyzing the
stress characteristics of in situ stress.

ki =on/oy
ky = o,/ 0 3)
ks = oy /oy

where oy is maximum horizontal stress, ¢, is minimum horizontal stress, and ¢, is vertical.
The calculation results are shown in Table 3.

Table 3. Statistical table of in situ stress characteristic values in the Ordos deep mining area.

No Name of Mine Depth (m) k1 ko k3
1 Hongginghe Coal Mine 719 1.70 1.01 1.68
2 Menkeging Coal Mine 720 1.35 0.32 1.56
3 Shilawusu Coal Mine 660 1.67 0.67 2.49
4 Hulusu Coal Mine 650 1.66 0.61 2.74
5 Bayangaole Coal Mine 635 1.60 0.91 1.76
6 Muduchaideng Coal Mine 660 1.13 0.56 2.03
7 Nalinhe No.2 Coal Mine 550 1.40 1.04 1.34
8 Yingpanhao Coal Mine 720 1.39 1.11 1.26
9 Tarangaole Coal Mine 600 1.20 0.45 2.68

10 Honggingliang Coal Mine 500 1.68 0.96 1.75

11 Changcheng No.2 Coal Mine 738 1.58 0.66 2.39

It indicates that the minimum value of k; is 1.13, and the maximum value is 1.70.
There are 5 coal mines with 1 < k; < 1.5, and 6 coal mines with 1.5 < k; < 2. By comparison
and analysis of the measured data, k; is between 0.94 and 2.24. The value of k; in the
shallow coal mine is smaller than that measured in the deep coal mine. Therefore, with the
increase of the depth, the k; approximately shows an increasing trend. It indicates that the
maximum horizontal stress in deep coal mine is stronger than that in shallow coal mine.

The minimum value of k; is 0.32, and the maximum value is 1.11. There are 2 coal
mines with kp < 0.5, 6 coal mines with 0.5 < ky < 1, and 3 coal mines with 1 < k, < 1.5.
Through comprehensive analysis and comparison, the k; in the shallow area is between
0.53 and 1.31, which is obviously lower than that in the deep area. Therefore, with the
increase of the depth, the k; approximately shows an decreasing trend. It points out that
the difference between the minimum horizontal stress and vertical stress in the deep coal
mine is obviously larger than that in the shallow coal mine.

In the measured data of 11 mines, the minimum value of k3 is 1.26, and the maximum
value is 2.74. There are 2 coal mines with k3 < 1.5, 4 coal mines with 1.5 < k3 < 2, 3 coal
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mines with 2 < k3 < 2.5 and 2 coal mines with k3 > 2.5. Based on the measured data, the
measured value of k3 in the shallow area is between 1.07 and 2.65, which is obviously lower
than that in deep area. Therefore, with the depth rises, the value of k3 obviously shows
an increasing trend. To sum up, with mining depth increasing, the difference of coal and
rock mass triaxial stress state becomes larger and larger. According to the Moore—Coulomb
criterion [15], the larger the difference of the triaxial stress state, the more likely failure and
instability will occur.

Therefore, when a coal mine in Ordos enters deep mining, the level of primary stress
is higher than that in a shallow area, and the anisotropy is more obvious. As a result, the
stress level of coal and rock mass accumulation is higher, and instability failure is more
likely to occur. It provides foundation stress conditions for the occurrence of coal burst.

3.3. Mining-Induced Stress Characteristics of Ordos Deep Mining Area

In order to analyze the characteristics of mining-induced stress, a FLAC3D numerical
model is established [21]. The characteristics of mining-induced stress of the same model
with different depths are analyzed. According to the average of bulk density with 25 kN/m?3,
the vertical stress at different depths is calculated. Specific values of the triaxial stress are
shown in Table 4.

Table 4. Numerical simulation of in situ stress parameters in mines with different depths.

No Depth (m) oy (MPa) oy, (MPa) o, (MPa)
1 400 15.00 7.50 10.00
2 600 22.50 11.25 15.00
3 800 30.00 15.00 20.00
4 1000 37.50 18.75 25.00

A total of 240,000 units and 251,991 nodes has been established, and the size of
numerical model is length of 300 m, width of 400 m and height of 50 m. The top of the
model is free boundary, and the others are fixed boundary. The primary stress field is
applied according to the data in Table 2, and equivalent load is applied to simulate the
upper part of the model. The numerical model is shown in Figure 3.
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Figure 3. Numerical model of mining at different depths.

However, in the model, the length of the working face is 200 m and the thickness of
the coal seam is 5 m. After the panel is mined 200 m, the vertical stress data within 100 m
advance of the panel is extracted (shown in Figure 4).
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Figure 4. Advance stress distribution curves of mining at different depths.

As can be seen from the change in Figure 4, the influence range of concentrated stress is
about 60 m for mining at depth of 400 m, 70 m for 600 m depth, 70 m for 800 m depth and 90 m
for 1000 m depth. The influence range of concentrated stress shows an upward trend with the
increase of mining depth. At 400 m depth, the concentrated stress peak is about 20.01 MPa,
and the stress concentration coefficient is 2.01. At 600 m depth, the peak is about 32.11 MPa,
and the coefficient is 2.14. At 800 m depth, the peak is about 47.42 MPa, and the coefficient is
2.37. At 1000 m depth, the peak is about 65.53 MPa, and the coefficient is 2.62. The degree
of stress concentration increases with mining depth increasing. Therefore, when coal mines
enter deep area, the disturbance of mining-induced stress is higher than that in shallow area.
Both the degree and influence range of concentrated stress increase obviously, which provides
the conditions of strong mining-induced stress for the occurrence of coal bursts.

3.4. External Disturbance Stress Characteristics of Ordos Deep Mining Area

External disturbances mainly include periodic weighting, overburden structure instability,
and fault slip. Compared with shallow mining, deep mining has a higher level of basic stress
and mining-induced stress. The external disturbance is more intense in deep mining, which
is more likely to induce mine dynamic disasters such as coal burst. Taking the fault as an
example, the numerical simulation method is adopted to analyze the external disturbance
stress in deep mining. A total of 452,560 units and 462,429 nodes are established, and the size
of the numerical model is length x width x height of 950 m x 400 m x 1000 m. Two faults
are included in this numerical model, named as F25 and F18 (shown in Figure 5)

’r‘:q:Fp

L1
|1

1

|

F25 fault B

F18 fault

Figure 5. Numerical model including faults at different mining depths.
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In this model, the primary stress at different mining depths is still assigned according
to Table 4, and the length of the simulated working face is set as 160 m. When the panel is
mined 200 m, the vertical stress at the point 10 m ahead of working face is extracted and
the curve is drawn, as shown in Figure 6. At 400 m depth, the stress peak of F25 fault is
16.82 MPa with concentration coefficient of 1.68 and the influence range is about 50 m, the
peak of F18 fault is 21.12 MPa with coefficient of 2.12 and the range is about 60 m. At 600 m
depth, the peak of F25 fault is 28.81 MPa with coefficient of 1.92 and the range is about
70 m, the peak of F18 fault is 31.90 MPa with coefficient of 2.13 and the range is about 90 m.
At 800 m depth, the peak of F25 fault is 41.78 MPa with coefficient of 2.09 and the range
is about 70 m, the peak of F18 fault is 42.42 MPa with coefficient of 2.12 and the range is
about 90 m. At 1000 m depth, the peak of F25 fault is 54.54 MPa with coefficient of 2.18
and the range is about 80 m, the peak of F18 fault is 56.37 MPa with coefficient of 2.25
and the range is about 100 m. With the increase of mining depth, the degree of fault stress
concentration and the influence area exhibit an obvious increasing trend. Therefore, the
deep mining fault is more likely to produce slip vibration, and the influence range of stress
concentration is larger, and the disturbance to mining engineering is more intense.

—+—400m -—+—600m -—+—800m -—+—1000m
70

Vertical stress(MPa)

o 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

distance from the left boundry of model(m)

Figure 6. Vertical stress distribution curves of faults at different mining depths.

According to the above analysis, the reasons why coal mines in the Ordos deep
mining area are more prone to coal bursts can be summarized as follows: (1) The level
of primary stress in the Ordos deep mining area is higher than that in the shallow area,
and the difference of the triaxial stress of the coal and rock mass is larger. The stress level
accumulated in the coal and rock mass is higher. All these factors have promoted the
occurrence of instability disasters in the coal and rock mass. (2) The influence of mining-
induced stress is stronger in the Ordos deep mining area. The degree and influence range
of concentrated stress obviously increase, which aggravate the accumulation of stress in
the coal and rock mass. (3) Deep mining in Ordos is more prone to instability caused by
external disturbance, and the influence scope and degree of faults and other structures are
larger. It is more likely to lead to the instability of coal and rock mass.

4. Practice of Coal Burst Prevention and Control in Ordos Deep Mining Area
4.1. Prevention and Control Strategy of Rock Burst in Ordos Deep Mining Area

According to the two types of coal burst in the Ordos deep mining area, two correspond-
ing strategies of prevention and control are proposed. Referring to the above research, the
necessary conditions for the occurrence of typical coal bursts are high in situ stress and high
concentrated mining-induced stress. Additionally, the necessary conditions for the occurrence
of atypical coal bursts are high in situ stress, high concentrated mining-induced stress and
external disturbance stress. Therefore, coal burst prevention and control strategies of the
Ordos deep mining area are suggested as follows: Considering the typical coal burst in the
Ordos deep mining area, coal burst prevention and control should avoid stress accumula-
tion in coal and rock mass, and be appropriate to the coal mass pressure relief to improve
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the overlying structure. The main point is to unload the pressure of coal and improve its
mechanical properties. The typical strategy is a large range of coal pressure relief, proper
treatment of roof and floor, and strong support. Especially, when the depth is over 800 m,
portal supporting and “O” type sheds should be used. Correspondingly, for atypical coal
burst prevention and control, partial coal pressure relief, large scale of roof treatment and
strengthening support are critical means. This contributes to stress release caused by period
weighting or overlying structure instability. Additionally, a broken zone is formed in the roof
and coal seam to increase the attenuation of external disturbance stress.

4.2. Stress Control Technology System of Coal Burst in Ordos Deep Mining Area

Based on the stress control theory in coal mines [22], the prevention and control of coal
bursts in the Ordos deep mining area can be divided into three stages: roadway excavation
stage, panel preparation stage, and panel mining stage. According to the key points of
coal burst prevention and control in each stage, and the actual production conditions, the
corresponding stress control technologies are put forward. (1) Stress control technology
in roadway excavation stage: due to the particularity of coal and rock properties, and the
stress environment in the Ordos deep mining area, the roadway surrounding rock can show
obvious flow deformation during roadway excavation. It is suggested to use large-diameter
borehole pressure relief or unloading blasting technology to relieve the pressure of coal
seams. When the coal strength is high, unloading blasting technology is preferred. (2) Stress
control technology in panel preparation stage: this stage is implemented after the end of
roadway excavation, before the panel mining. Due to the disturbance of the roadway to
the coal and rock mass in the range of stope, especially in the roadway, which is closed by
mining gob, it is easy to produce a highly concentrated stress area. Thus, in this period,
according to the type of coal burst in the Ordos deep mining area, it is recommended to
carry out pressure relief and pre-cracking measures for coal seam and roof, respectively. In
addition, large-diameter borehole pressure relief and unloading blasting technology can
be used to relieve pressure in the high-concentrated stress area on both ribs. Both of these
ways are good to reduce the disturbance of coal mining. Additionally, it is proposed to
use hydraulic fracturing, deep hole blasting and ground hydraulic fracturing to treat the
overlying strata. (3) Stress control technology in panel mining stage: when the panel is
mined, the effect from mining is more intense than that of roadway excavation, and the
external disturbance such as roof weighting and overlying structure instability is brought.
It is necessary to carry out the second round of pressure relief. The support system shall be
strengthened in high-risk areas such as advanced support to further improve the safety of
coal burst. It is a good proposal that large-diameter borehole pressure relief and unloading
blasting technology need to be adopted to achieve the second round of pressure relief in
the area of high concentrated stress. Additionally, “O” type shed, “U” type shed and strong
hydraulic support should be adopted to strengthen the roadway stability.

4.3. Prevention and Control Practice of Typical Coal Burst in Ordos Deep Mining Area

Honggingliang Coal Mine is located in the north of Yimeng uplift. The layout plan of
Honggingliang Coal Mine is shown in Figure 7. The depth of mines No.3-1 coal seam in
this area is 458~538 m. The thickness of that is 2.86-6.85 m, with an average of 4.87 m. The
structure of that is simple, most of which contain one layer of gangue, and some including
two layers of 0.15~0.62 m gangue. The inclination angle of the coal seam is 0~6°, with an
average of 3°. The lithology of the roof is mainly sandy mudstone and siltstone, and some
are fine grained sandstone, conglomerate or coarse-grained sandstone. The lithology of
the floor is mainly sandy mudstone and mudstone. The overlying strata of Hongqingliang
Coal Mine belong to weakly consolidated strata and contain a lot of clay minerals. The
strength of coal seams is high and can reach 14 MPa locally. The width of coal pillars
between 2 panels is 20~25 m.
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Figure 7. Honggingliang coal mine excavation project plan.

Under the superposition of primary stress and mining-induced stress, the panel is easy
to destabilize and lead to coal burst. Therefore, it belongs to typical coal burst. Therefore,
Honggingliang Coal Mine has formulated the three-in-one prevention and control measures
of borehole pressure relief, high-strength bolt support, and advanced hydraulic support.
The specific parameters of the measurements are as follows. (1) Roadway excavation stage:
No.11302 Panel mainly adopts advanced borehole pressure relief technology. The diameter
of pressure relief bore hole is 110 mm, the borehole depth is 20 m. The boreholes are
arranged in a single row, with 1.0~1.5 m away from the floor. The plan and section of
the pressure relief borehole are shown in Figure 8. (2) Panel preparation stage: No.11302
Panel mainly adopts strong bolt (cable) to further strengthen roadway support and control
roadway deformation. (3) Panel mining stage: No.11302 Panel mainly adopts large diameter
borehole pressure relief and advanced unit hydraulic support technology. The diameter
of the pressure relief borehole is 110 mm, and the spacing is 3 m. The borehole depth in
the coal pillar rib is 15 m. Another rib is 20 m, and the height from the floor plate is 1.5 m.
The support distance of unit hydraulic support is 100~120 m. The plan and section of the
pressure relief borehole are shown in Figure 9.
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Figure 8. Plan and section of the pressure relief borehole in roadway excavation stage of No.11302
Panel. (a) Plan. (b) Section.
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Figure 9. Plan and section of the pressure relief borehole in panel mining stage of No.11302 Panel.
(a) Plan. (b) Section.
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The maximum mining speed of No.11302 Panel is 12 m/day. Six months after the
implementation of prevention and control measures, the microseismic monitoring event plan
of No0.11302 Panel is shown in Figure 10. In the microseismic system, green points means
microseismic event energy < 10° ], yellow points means microseismic event energy < 10*J, and
red points means microseismic event energy > 10° J. The microseismic monitoring results show
that after a series of prevention and control measures in this mining area, the overall pressure
of No0.11302 Panel in Honggingliang Coal mine is stable, and the energy level of microseismic
events is mainly between 10°~10* ], and no high energy event above 10° ] appears.

Figure 10. Microseismic event distribution of No.11302 Panel.

4.4. Prevention and Control Practice of Atypical Coal Burst in Ordos Deep Mining Area

Shilawusu Coal Mine is located in the south of the junction of Yimeng uplift and
northern Shaanxi slope. Shilawusu Coal Mine mines exploits No.2-2 coal seam, with an
average depth of 690 m. The immediate roof of #No.2-2 coal seam is sandstone or siltstone
strata with a thickness that exceeds 10 m, and its uniaxial compressive strength is greater
than 60 MPa. The width of coal pillars between 2 panels is 5~6 m. The layout plan of
Shilawusu Coal Mine is shown in Figure 11.

No0.22103 Panel —

No0.22101 Panel

I

|

Figure 11. Shilawusu coal mine excavation project plan.

Shilawusu Coal Mine has high stress characteristics under the influence of North
Shaanxi Slope. A coal burst is easily induced by the disturbance of hard rock strata
instability. It belongs to atypical coal burst. Therefore, Shilawusu Coal mine has formulated
the three-in-one prevention and control measures of roof hydraulic fracturing, borehole
pressure relief and advanced hydraulic support. The specific parameters of the measures
are as follows:
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Roadway excavation stage: N0.22101 Panel mainly adopts advanced borehole pres-
sure relief technology. The diameter of pressure relief bore hole is 150 mm with the
spacing of 2 m. The borehole depth is 20 m, which is arranged in a single row, and the
borehole is 1.0~1.5 m away from the floor. The plan and section of the pressure relief
borehole are shown in Figure 12.

Panel preparation stage: No.22101 Panel mainly adopts a single rib of large diameter
borehole pressure relief and roof hydraulic fracturing technology. The diameter of
the pressure relief borehole is 150 mm, and the spacing is 1 m. The borehole depth is
20 m, and the height from the floor plate is 1.2~1.5 m. The diameter of the hydraulic
fracturing borehole is 42 mm. The fracturing position is the immediate roof with a
thickness of 9.31 m, and the lithology is fine-grained sandstone. Additionally, another
fracturing position is 19.84 m away from the No.2-2 coal seam, and the lithology
is medium-grained sandstone with a thickness of 10.44 m. The plan and section
of the pressure relief borehole and the hydraulic fracturing borehole are shown in
Figures 13 and 14.

Panel mining stage: No0.22101 Panel mainly adopts large diameter borehole pressure
relief and advanced unit hydraulic support technology. The diameter of the pressure
relief borehole is 150 mm and the spacing is 1 m. The borehole depth is 20 m, and
the height from the floor plate is 1.5 m. The support distance of the unit hydraulic
support is 120~150 m. The plan and section of the pressure relief borehole are shown
in Figure 15.

roadway

roadway

(a) (b)

Figure 12. Plan and section of the pressure relief borehole in roadway excavation stage of No.22101
Panel. (a) Plan. (b) Section.
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Figure 13. Plan and section of the pressure relief borehole in panel preparation stage of No.22101
Panel. (a) Plan. (b) Section.
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Figure 14. Plan and section of the hydraulic fracturing borehole in panel preparation stage of
No0.22101 Panel. (a) Plan. (b) Section.
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Figure 15. Plan and section of the pressure relief borehole in panel mining stage of No.22101 Panel.

The maximum mining speed of N0.22101 Panel is 8 m/day. Through the implemen-
tation of roof hydraulic fracturing, the first weighting step distance of N0.22101 Panel is
21.7 m, and the average periodic weighting step distance is 12.7 m. However, the first
weighting step distance of the panel without hydraulic fracturing is about 60.5 m, and
the periodic weighting step distance is 25~30 m. Obviously, the roof hydraulic fracturing
technology effectively reduces disturbance of roof weighting to the panel. The microseismic
monitoring data during the first weighting of No0.22101 Panel are shown in Figure 16.
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Figure 16. Microseismic data during the first roof weighting.
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5. Conclusions

The prevention and control of coal burst in the Ordos deep mining area are systemati-
cally studied by using theoretical analysis, numerical simulation and field measurement
methods. The following five conclusions are drawn:

(1) According to the stress state and load form of coal and rock mass in the Ordos deep
mining area, the coal burst is divided into two types, that is, typical coal burst and
atypical coal burst.

(2) The necessary conditions for the occurrence of typical coal burst are high in situ stress
and high concentrated mining-induced stress. Additionally, the necessary conditions
for the occurrence of atypical coal burst are high in situ stress, high concentrated
mining-induced stress and external disturbance stress.

(3) The level of primary stress in the Ordos deep mining area is higher than that in
shallow areas. The influence of mining-induced stress is stronger in the Ordos deep
mining area. Deep mining in Ordos is more prone to instability caused by external
disturbance. The above three conditions are the fundamental reasons for the easy
occurrence of coal bursts in the Ordos deep mining area.

(4) Based on the control theory of coal burst, the prevention and control of coal bursts
in the Ordos deep mining area can be divided into three stages: roadway excavation
stage, panel preparation stage and panel mining stage. The corresponding stress con-
trol technology has been formed, and the dynamic prevention and control technology
system of coal bursts in the Ordos deep mining area has been formulated.

(5) The effective strategy of typical coal burst prevention and control is a large range of
coal pressure relief, proper treatment of roof and floor, and strong support. Especially,
when the depth is over 800 m, portal supporting and “O” type sheds should be used.
Additionally, the practical strategy of atypical coal burst prevention and control is
partial coal pressure relief, large range of roof treatment, and strengthen support.

Author Contributions: Conceptualization, W.P.; methodology, Y.L. (Yunpeng Li) and X.S.; formal
analysis, C.Z. and H.C.; Investigation, Y.L. (Yunpeng Li), X.S. and B.W.; writing—original draft
preparation, Y.L. (Yang Li) and W.P,; writing—review and editing, X.S. and Y.L. (Yunpeng Li);
Visualization, YYW. and X.S.; supervision, X.S.; funding acquisition, W.P.,, X.S. and Y.L. (Yang Li). All
authors have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the support of the National Natural Science Founda-
tion of China [No. 51874176], Engineering Laboratory of Deep Mine Rockburst Disaster Assessment
Open Project [LMYK2021004] and Innovation and Entrepreneurship Science and Technology Special
Project of Coal Research Institute [No. 2021-KXYJ-002].

Data Availability Statement: All data used in the article and relevant conclusions obtained therefrom
are included in this article.

Acknowledgments: The authors gratefully acknowledge test equipment and technical support
provided by the employees from the Ordos Haohua Honggingliang Mining Co., Ltd.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationship that could have appeared to influence the work reported in this paper.

1.  Qi, QX Li, Y.; Zhao, S.; Zhang, N.; Zheng, W.; Li, H.; Li, H. Seventy years development of coal mine rockburst in China:
Establishment and consideration of theory and technology system. Coal Sci. Technol. 2019, 47, 1-40.
2. Tan,Y.; Guo, W,; Xin, H.; Zhao, T; Yu, F; Liu, F. Key technology of rock burst monitoring and control in deep coal mining. J. China

Coal Soc. 2019, 44, 160-172.

3.  Jiang, Y.D.; Zhao, Y.X. State of the art: Investigation on mechanism, forecast and control of coal bumps in China. Chin. J. Rock
Mech. Eng. 2015, 34, 2188-2204.

4. Dou, L.; Tian, X.Y.; Cao, A.; Gong, X.Y.; He, H.; He, J.; Cai, W. Present situation and problems of coal mine rock burst preven-tion
and control in China. Coal Sci. Technol. 2022, 47, 152-171.

5. Xie, HP; Gao, F; Ju, Y. Research and development of rock mechanics in deep ground engineering. Chin. J. Rock Mech. Eng. 2015,

34,2161-2178.



Sustainability 2023, 15, 159 15 of 15

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

Yuan, L. Strategic thinking of simultaneous exploitation of coal and gas in deep mining. J. China Coal Soc. 2016, 41, 1-6.

Xie, H.P. Research review of the stata key research development program of China: Deep rock mechanics and mining theory.
J. China Coal Soc. 2019, 44, 1283-1305.

Atsushi, S.; HaniS, M.; Zaka, E.M. Study on the efficiency of destress blasting in deep mine drift development. Can. Geotech. ].
2017, 54, 518-528.

Zhu, G.A.; Dou, LM.; Cao, A.Y,; Cai, W.; Wang, C.B.; Li, B. Assessment and analysis of strata movement with special reference to
rock burst mechanism in island longwall panel. ]. Cent. South Univ. 2017, 24, 2951-2960. [CrossRef]

Li, Z.L.; Dou, LM.; Wang, G.F,; Cai, W.; He, J.; Ding, L.Y. Risk evaluation of rock burst through theory of static and dynamic
stresses superposition. J. Cent. South Univ. 2015, 22, 676-683. [CrossRef]

Liu, L.; Chen, Q.Z.; Wang, G.L. Rock burst laws in deep mines based on combined model of membership function and dominance-
based rough set. J. Cent. South Univ. 2015, 22, 3591-3597. [CrossRef]

Dou, LM.; He, J.; Cao, A.Y.; Gong, X.Y.; Cai, W. Rock burst prevention methods based on theory of dynamic and static combined
load induced in coal mine. J. China Coal Soc. 2015, 7, 1469-1476.

Mark, C.; Gauna, M. Pillar design and coal burst experience in Utah Book Cliffs longwall operations. Int. ]. Min. Sci. Technol.
2021, 31, 33-41. [CrossRef]

Vardar, O.; Zhang, C.J.; Canbulat, I.; Hebblewhite, B. A semi-quantitative coal burst risk classification system. Int. J. Min. Sci.
Technol. 2018, 28, 721-727. [CrossRef]

Chen, L.; Shen, B.T.; Dlamini, B. Effect of faulting on coal burst—A numerical modelling study. Int. J. Min. Sci. Technol. 2018, 28,
739-743. [CrossRef]

Anthony, T.L; Stephen, C.T. Occurrence, predication, and control of coal burst events in the U.S. Int. . Min. Sci. Technol. 2016, 26,
39-46.

Frith, R; Reed, G.; Jones, A. A causation mechanism for coal bursts during roadway development based on the major horizontal
stress in coal: Very specific structural geology causing a localised loss of effective coal confinement and Newton’s second law. Int.
J. Min. Sci. Technol. 2020, 30, 39-47. [CrossRef]

Gale, W]. A review of energy associated with coal bursts. Int. J. Min. Sci. Technol. 2018, 28, 755-761. [CrossRef]

Yang, X.H.; Ren, T.; Tan, L.H.; Remennikov, A. Developing coal burst propensity index method for Australian coal mines. Int. ].
Min. Sci. Technol. 2018, 28, 783-790. [CrossRef]

Kang, H.P; Si, L.P; Zhang, X. Characteristic of under-ground in-situ stress distribution in shallow coal mines and its applications.
J. China Coal Soc. 2016, 41, 1332-1340.

Itasca Consulting Group Inc. Flac 3D User’s Guide; Itasca Consulting Group Inc.: Minneapolis, MN, USA, 2013; pp. 1-20.

Qing, Q.X,; Li, X.L.; Zhao, X.K. Theory and practices on stress control of mine pressure bumping. Coal Sci. Technol. 2013, 41, 1-5.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s11771-017-3709-0
http://doi.org/10.1007/s11771-015-2570-2
http://doi.org/10.1007/s11771-015-2899-6
http://doi.org/10.1016/j.ijmst.2020.12.008
http://doi.org/10.1016/j.ijmst.2018.08.001
http://doi.org/10.1016/j.ijmst.2018.07.010
http://doi.org/10.1016/j.ijmst.2019.12.018
http://doi.org/10.1016/j.ijmst.2018.08.004
http://doi.org/10.1016/j.ijmst.2018.08.008

	Introduction 
	Classification of Coal Burst in Ordos Deep Mining Area 
	Analysis of Stress State in Coal Mining 
	Typical Coal Burst in Ordos Deep Mining Area 
	Atypical Coal Burst in Ordos Deep Mining Area 

	Analysis of Influencing Factors of Coal Burst in Ordos Deep Mining Area 
	Regional Geological Structure of Ordos Basin 
	Primary Stress Characteristics of Ordos Deep Mining Area 
	Mining-Induced Stress Characteristics of Ordos Deep Mining Area 
	External Disturbance Stress Characteristics of Ordos Deep Mining Area 

	Practice of Coal Burst Prevention and Control in Ordos Deep Mining Area 
	Prevention and Control Strategy of Rock Burst in Ordos Deep Mining Area 
	Stress Control Technology System of Coal Burst in Ordos Deep Mining Area 
	Prevention and Control Practice of Typical Coal Burst in Ordos Deep Mining Area 
	Prevention and Control Practice of Atypical Coal Burst in Ordos Deep Mining Area 

	Conclusions 
	References

